Phylogenetic relationships inferred from multilocus organellar and nuclear DNA data are often difficult to resolve because of evolutionary conflicts among gene trees. However, conflicting or 'outlier' associations (i.e., linked pairs of Operational Terminal Units in two phylogenies) among these data sets often provide valuable information on evolutionary processes such as chloroplast capture following hybridization, incomplete lineage sorting, and horizontal gene transfer. Statistical tools that to date have been used in cophylogenetic studies only also have the potential to test for the degree of topological congruence between organellar and nuclear data sets and reliably detect outlier associations. Two distancebased methods, namely ParaFit and Procrustean Approach to Cophylogeny (PACo), were used in conjunction to detect those outliers contributing to conflicting phylogenies independently derived from chloroplast and nuclear sequence data. We explored their efficiency of retrieving outlier associations, and the impact of input data (unit branch length and additive trees) between data sets, by using several simulation approaches. In order to test their performance using real data sets, we additionally inferred the phylogenetic relationships within Neotropical Catasetinae (Epidendroideae, Orchidaceae), which is a suitable group to investigate phylogenetic incongruence because of hybridization processes between some of its constituent species. A comparison between trees derived from chloroplast and nuclear sequence data reflected strong, well supported incongruence within Catasetum, Cycnoches, and Mormodes. As a result, outliers among chloroplast and nuclear data sets, and in experimental simulations, were successfully detected by PACo when using patristic distance matrices obtained from phylograms, but not from unit branch length trees.
INTRODUCTION
Chloroplasts are among the most distinctive organelles and highly specialized compartments in the cells of land plants and algae. Their main role is to perform photosynthesis, converting energy captured from sunlight into chemical bonding of organic substance (Staehelin 2003; Marín-Navarro et al. 2007) . Today, it is widely accepted that chloroplasts are of endosymbiotic origin, having evolved from a previously free-living cyanobacterium and hosted by a nucleated, initially heterotrophic cell (the same applies for mitochondria, likely derived from an α-proteobacterium). A plastid genome and distinct plastid ribosomes strongly support an endosymbiotic origin (Mereschkowsky 1910; Margulis 1993; Archibald 2015) . The resulting enkaptic and permanent cellular system comprises two principally different genetic units: The eukaryotic host nucleus usually performs recombination during life history, whereas sexual reproduction is known neither from free-living cyanobacteria nor from plastids (Birky 1995; Pyke 1999; Lane 2011; Lodé 2012 ). Divisions of plastids are structurally independent from the division of the host cell's nucleus (first recognized by Sachs 1882), hence intracellular plastid populations are separated (and frequently intensely cloned) during mitosis in parallel to the host's daughter nuclei (Possingham 1980; Heinhorst and Cannon 1993) .
Chloroplast loci have been excessively used for phylogenetic inference because of the great abundance of plastid DNA and the subsequent facility of PCR amplification and sequencing (Rieseberg and Soltis 1991; Schäferhoff et al. 2010; Ruhfel et al. 2014; Weigend et al. 2014) . However, the plastid genome has not necessarily tracked the same evolutionary history as the host genome. As a result, the linked but putatively varying evolution of both the (sexually reproducing) nuclear and (solely cloning) plastid genomes phylogenetic histories are doubtlessly of interest (Salichos and Rokas 2013) . From an evolutionary perspective, identification of outlier OTUs is even more exciting when it provides useful information on biological events and processes such as horizontal gene transfer (HGT) and ILS (de Vienne et al. 2012 ).
Most approaches of species tree reconciliation either refer to methodological / computational problems (Ronquist 1995; Page and Charleston 1997; Charleston 1998; Libeskind-Hadas and Charleston 2009; Nakhleh et al. 2009; Larget et al. 2010; Liu et al. 2010) or to biological (intragenomic) phenomena such as gene duplication and loss (Arvestad et al. 2004; Åkerborg et al. 2009 ), but not to the intergenomic clash investigated in this study. Despite the impact on studies based on multiple molecular loci (Tepe et al. 2011) , few approaches have the potential to quantify the contribution of specific taxa to the conflicting phylogenetic patterns observed. We now have at hand a new generation of software applications and tools which investigate putative cophylogenetic structures in more detail as they can be observed in, for example, parasite-/host-systems. They have only been used sporadically so far for specific groups of organisms (e.g., Monogenea/fish: Šimková et al. 2004; papilloma viruses/vertebrates: Gottschling et al. 2011) , although they provide a powerful approach to identify those particular associations that are responsible for conflicts.
One of the more frequently employed tools for cophylogenetic analysis has been ParaFit (Legendre et al. 2002) , a distance-based approach that globally tests for the coevolution between host and parasite phylogenies and the significance of each parasite-/host-association. Using patristic/genetic distances transformed into Principal Coordinate (PCo) matrices, it assesses whether the phylogenetic positions of associated taxa in host by guest on November 7, 2016 http://sysbio.oxfordjournals.org/ Downloaded from and parasite trees are congruent (Legendre et al. 2002) . In addition, ParaFit also provides two statistics (ParaFitLink1 and ParaFitLink2), which determine the links that significantly contribute to the co-phylogenetic pattern observed (by means of randomization processes of a presence/absence matrix with respect to parasite-/host-associations).
The Procrustean Approach to Cophylogeny (PACo; Balbuena et al. 2013 ) is also a global-fit method that assesses similarities between host and parasite trees by comparison of Euclidean embeddings derived from distance matrices. Like ParaFit, it assesses the contribution of each association to the cophylogenetic structure observed. To test for codivergence between two given data sets, PACo uses patristic distances, which are in turn transformed into PCo matrices and are then combined using an association matrix of the parasite-/host-links. In contrast to ParaFit, PACo assumes that the parasite phylogeny is dependent on the host phylogeny, therefore it scales and rotates the parasite matrix to fit that one of the host. It is thus suitable for systems where the dependence of a phylogeny upon another is assumed (Balbuena et al. 2013) , as is true for the chloroplast-/host nucleussystem. Additionally, it provides a graphical output of the direct contribution of each association to the phylogenetic pattern recovered from the data sets.
One important, but hardly considered, aspect dealing with cophylogenetic distancebased methods (such as PACo and ParaFit) and their efficiency is the type of input (i.e., ultrametric phylograms, additive, and unit branch length trees) employed to perform data analyses. Depending on the kind of tree data set used for analyses, distance-based methods may take into account evolutionary rates when calculating patristic distances between the OTUs. When additive trees are employed for comparison purposes, branch lengths are therefore considered to compute patristic distances, bringing closer OTUs exhibiting short by guest on November 7, 2016 http://sysbio.oxfordjournals.org/ Downloaded from branch lengths and separating those with longer branches (de Vienne et al. 2012 ). The potential bias resulting from use of contrasting branch lengths has been discussed by some authors (de Vienne et al. 2012; Balbuena et al. 2013 ), but its influence in the assessment of phylogenetic congruence between data sets has never been tested empirically.
In order to detect plastid outliers diverging phylogenetically from the evolutionary history of the nuclear host, we here apply the PACo and ParaFit methods to a molecular sequence data set of Catasetinae. This group of orchids encompasses approximately 300 species distributed from Southern Florida to Northern Argentina (Romero and Pridgeon, 2009 ). Previous phylogenetic studies of Catasetinae have only been based on few (if not single) molecular loci and limited taxon samplings (Pridgeon and Chase 1998; Batista et al. 2014; Whitten et al. 2014) . Particularly, Catasetum Rich ex Kunth, Cycnoches Lindl., and Mormodes Lindl. are known for the spectacular sexual dimorphism (an exceedingly rare trait among orchids: Pérez-Escobar et al. subm.) and a great interspecific variation of floral morphologies. Catasetinae is particularly suitable for our investigation, as natural hybridization because of pollinator sharing has been reported from Catasetum (Dressler 1968a; Romero and Carnevali 1990 Romero and Jenny 1992) , Mormodes (Dressler 1968a) , and it might also occur in Cycnoches (Pérez-Escobar et al. subm.).
Distance-based cophylogenetic analyses have been widely used inside the parasite-/host-coevolutionary framework, but this is -to the best of our knowledge-the first time that they are applied to test for congruence and detect outlier associations in organelle-/host nucleus-systems. In this study, we test the effectiveness of PACo and ParaFit by comparing molecular trees separately inferred from organellar and nuclear data sets.
Through simulations and analysis of real data sets, we herein show that this approach not by guest on November 7, 2016 http://sysbio.oxfordjournals.org/ Downloaded from only efficiently detects these outlier associations when applied to independently derived organellar and nuclear trees, but also allows the user to evaluate the contribution of each single association in either small or large data sets. We also perform simulations to assess the influence of contrasting branch lengths between trees in distance-based methods such as PACo, using randomly generated additive and congruent unit branch length trees with branches randomly added, which naively recreate taxa that have undergone evolutionary processes such as chloroplast capture after hybridization and ILS occurring at shallow levels of phylogenies.
Workflows for applying cophylogenetic analyses are not standardized at this moment, and we therefore provide a pipeline for managing tree input, executing PACo and ParaFit, and spotting outlier associations from trees or alignments in the public domain software R (R Development core team 2015). This pipeline implements a method to identify outlier associations with high reliability based on associate squared residuals produced by PACo exceeding a threshold value. To better orient end-users with little or no experience through the use of the pipeline, a complete tutorial is also provided with a worked example of nuclear ribosomal and chloroplast phylogenies of Satyrium Sw., another orchid taxon, in which topological conflict has been reported (van der Niet and Linder 2008).
MATERIAL AND METHODS

Laboratory techniques, taxon sample, and phylogenetic analyses
Genomic DNA was extracted from herbarium and fresh leaf material (preserved in silica gel and partly cultivated at the botanical gardens of Hannover and Munich, Germany) with the NucleoSpin® plant kit (Macherey-Nagel; Düren, Germany), following the manufacturer's protocol. We sequenced the nuclear ribosomal External and Internal Transcribed Spacers (ETS and ITS, respectively), the nuclear low copy gene Xdh, a ~1500 bp long portion of the chloroplast gene ycf1, as well as the trnS-trnG intergenic spacer.
Amplification settings and sequencing primers used for ITS, ETS, Xdh, trnS-trnG, and ycf1 are specified in Table S1 . PCR products were purified with the ExoSap clean-up kit We investigated 50 OTUs representing 47 species and covering the known diversity of Catasetinae at the generic and sectional level. In addition, 10 outgroup taxa were included in phylogenetic analyses for rooting purpose. We compiled sequences from six loci, namely ETS+ITS+Xdh (consistently treated as 'n' in the following) and matK+trnS-trnG+ycf1 ('o'). The concatenated 'o'+'n'-alignment consisted of 142 empty out of 366 cells. Table S2 provides an accession list with full species names, geographic origins, vouchered specimens, and GenBank accession numbers (including newly generated sequences) of taxa included in phylogenetic analyses. We performed two main phylogenetic analyses using data matrices with (1) all 'n' OTUs and (2) all 'o' OTUs. Additionally, we performed phylogenetic analyses of each locus for all corresponding OTUs separately. Aligning of single loci was carried out separately using MAFFT version 7.1 (Katoh and Standley 2013 ; freely available at http://mafft.cbrc.jp/alignment/software/) and the default parameters. Data matrices of each locus were concatenated afterwards. For multiple alignments of the nuclear ribosomal loci, the Q-INS-i strategy was employed, which takes secondary structure information into account (Katoh and Toh, 2008) . Alignments of each locus retrieved from MAFFT were also manually inspected. The complete alignment is available as a *.nex file in the Dryad data repository (doi:10.5061/dryad.q6s1f).
Individual and concatenated analyses were carried out under Bayesian, Maximum 
Testing divergent evolution among chloroplast and nuclear data sets
We assessed the contribution of specific organelle-/host nucleus-associations to topological conflicts to detect outliers that may correspond to evolutionary events potentially of particular interest using PACo (Balbuena et al. 2013) and ParaFit (Legendre et al. 2002) , implemented in the R software packages "ape" v3.0-8 (Paradis et al. 2004 ) and "vegan" v2.0-9 (Oksanen et al. 2013) . In order to determine whether the chloroplast phylogeny tracks the same phylogenetic history as that of the nucleus, we applied the same principle of parasite-/host-codivergence to our 'o' and 'n' data sets (note that this principle is also applicable to 'n' and any other organelle genome). Thus, the tree derived from the nuclear sequences is considered the 'host' phylogeny, while the tree derived from chloroplast sequences correspond to the 'parasite' (or endosymbiont) phylogeny.
To test the null hypothesis that 'the similarity between the trees is not higher than expected by chance', we transformed 'o' and 'n' trees into matrices of patristic distances and applied PACo and ParaFit. Throughout the present study, transformation of patristic distances into the Euclidean PCo space required by both PACo and ParaFit was achieved using the method proposed by de Vienne et al. (2011) , which imposes less distortion into the original distances compared with regular eigenvalue corrections. The significance of both tests was established by different permutational approaches (see Legendre et al. 2002; Balbuena et al. 2013 for details) based on 100,000 random permutations of the association matrix. In a first step, we executed PACo and ParaFit using phylograms as input trees. To account for the effect of large distances between particular associations because of highly different branch lengths in the corresponding trees (although the topologies may be identical), we also conducted the tests using unit branch length trees as input. Additionally, PACo and ParaFit analyses were optimized on 10,000 post burn-in trees obtained from Bayesian inferences, in order to consider the effect of phylogenetic uncertainty and statistical support. Every branch length within these trees was then converted to a value of 1 (to obtain unit branch length trees) in R using the function compute.brlen in package "ape".
In PACo, m ଡ଼ଢ଼ ଶ represents the sum of squared residuals of each 'o'-/'n'-association e ୧ ଶ .
Thus, the latter provides a direct measure of the contribution of each association to the global fit (Balbuena et al. 2013 ). This measure can be normalized as a proportion of ݉ ଶ (i.e., ߝ ଶ = e ୧ ଶ /݉ ଶ ). In case of perfect congruence between both phylogenies, the ߝ ଶ 's are expected to follow a uniform distribution with expected mean 1/N, where N = number of 'o'-/'n'-associations. Therefore, 1/N provides a threshold value and any ߝ ଶ linked to a conflicting association is expected to be > 1/N. In ParaFit, we used the value of the ParaFitLink2 statistic (pfl2 i ) to evaluate the contribution of each link association, since it is more appropriate than ParaFitLink1 in one-to-one association scenarios (Legendre et al. algorithm (Kaufman and Rousseeuw 1990) , as implemented in the R package "cluster" v.
2.0 (Maecheler et al. 2015) . In particular, the average silhouette width (Kaufman and Rousseeuw 1990 ) was used as a measure of the ability to separate congruent and outlier 'o'-/'n'-associations.
Simulations
Gene trees were simulated in order to determine whether the combined application of PACo and ParaFit or the sole execution of PACo is appropriate to detect divergences between the evolutionary history of 'o' and 'n'. Simulations were carried out as follows:
(1) One thousand random rooted ultrametric trees were generated with the function evolver of the software PAML (Yang 2007 ) using birth and death rates of 0.5 and a sampling fraction of 0.0005. These parameters were deemed realistic and biologically meaningful to generate random phylogenetic trees (Aris-Brosou and Yang 2003). We randomly chose 10 trees of this ultrametric set and simulated sequence evolution with uniform sequence lengths (1,000 characters) under the GTR+Γ evolution model, using "phylosim" v. 2.1.1 (Sipos et al. 2011) . Two sets of 10,000 post burn-in Bayesian trees were estimated from each simulated alignment, using the same settings for Bayesian inferences aforementioned.
(2) A subsample of 1,000 trees derived from each of the two parallel Bayesian runs was used to represent the shared coevolutionary history of 'o' and 'n' loci. That is, one tree set was assigned as the organelle phylogeny and the counterpart from the same pair as the 'n' phylogeny. http://sysbio.oxfordjournals.org/ Downloaded from (7) We performed cluster analysis using the PAM algorithm (Kaufman and Rousseeuw 1990) . We aimed at determining the proportion of associations correctly classified as either outliers or congruent OTUs in relation to the phylogeny size and the proportion of outlier/congruent OTUs based on the standardized median values of ߝ ଶ and pfl2 i .
Clustering analyses were carried out using two clusters (k=2) (occasionally, three clusters were used because in some instances pfl2 tended to split congruent associations in two unnatural clusters, Tab. S5). The efficiency of the classification procedure was evaluated by means of the proportion of congruent, incongruent and overall associations correctly classified as well as by the average silhouette width value (Kaufman and Rousseeuw 1990) .
The following parameter combinations were used for all simulation approaches: a) Trees with 50 OTUs and 10%, 20%, 30%, and 40% of random branches.
b) Trees with 100 OTUs and 10%, 20%, 30%, and 40% of random branches.
c) Trees with 200 OTUs and 10%, 20%, 30%, and 40% of random branches.
Using PACo pipeline to test for topological congruence and detecting outlier associations
We provide a pipeline to assess cophylogeny, in terms of topological congruence, between 'o' and 'n' phylogenies, and readily identify outlier taxa in both phylogenies. The pipeline is based on PACo, ParaFit and other set of R functions applied in the packages "ape", "cluster", "gplots" v. 
RESULTS
Testing PACo and ParaFit with simulated data: Identification of outlier associations
A total of 240 simulations were executed, yielding comparable results. The efficiency of classification decreased overall with phylogeny size and proportion of outlier taxa, and the best results were obtained with additive trees (Fig. 1) (Fig. 3) .
Additionally, they recovered very similar topologies at the backbone placing almost all generic lineages (except Galeandra) in equal phylogenetic positions.
Several conflicting and highly supported phylogenetic placements were present within Catasetum, Cycnoches, and Mormodes (conflicting associations highlighted red and in black boldface in Fig. 3 ). Particularly, Cycnoches was subjected to significantly diverging topologies while comparing separately derived trees: both data sets retrieved two primary and maximally supported subclades, whose compositions were different for a number of OTUs. The most prominent example is Cycnoches haagii Barb. Rodr.: It was sister species of the remainder of Cycnoches in the 'n' tree (1.00 BPP, 100 LBS, 100 PBS), whereas it appeared embedded within one of the two strongly supported subclades of and P = 0.001, respectively) and thus indicating that the 'o' and 'n' phylogenies were to some extent reflecting phylogenetic congruence. When using ML phylograms of the 'o'
and 'n' data sets as inputs, PACo showed 21 associations whose median squared residuals ߝ ଶ were higher than the cut-off value 1/N. Seventeen (out of 26 true) recognized outliers were in fact linking conflicting taxa (sequence names highlighted in red in Fig. 2 ).
Therefore, these associations were confidently identified as potential outlier taxa (Fig. 4A) .
In contrast, when PACo was applied to the 'o' and 'n' unit branch length trees using the same threshold value, 25 associations (of which 20 clearly presented conflicting positions in both trees) were identified as incongruent (indicated in red in Fig. 4B ). Thus, PACo erroneously identified slightly more potential outliers when using unit branch length trees than additive trees. Surprisingly, some conflicting associations that were not successfully identified by PACo using additive trees were indeed recovered as such when analyzing unit branch length trees (e.g., 'o'-/'n'-associations of Catasetum x roseoalbum (Hook.) Lindl., Cycnoches guttulatum Schltr., Fig. 4B ). In addition, associations identified by PACo with the highest residual squared scores were those that showed the most incongruent positions between 'o' and 'n' trees. For instance, the three outlier OTUs Cycnoches haagii, Galeandra devoniana M.R.Schomb. ex Lindl., and Galeandra sp. 92 having conflicting, The OTU classification executed by PACo and PACo+ParaFit methods using additive trees was validated by the PAM approach. Under the PACo+ParaFit method, 38
OTUs were classified as outliers (Fig. 6A ). In addition, congruent and outlier associations were classified into two weak cluster structures (silhouette width value = 0.40). In contrast,
classifications carried out solely with PACo ( Fig. 6B) yielded comparable results to those obtained by PACo ߝ ଶ statistics using 1/N as cut-off value (see Fig. 3 ). Under this method, 19 OTUs were positively classified as outliers, and congruent and outlier associations were separated into two reasonable cluster structures (silhouette width value = 0.62) (Fig. 6B) . 
DISCUSSION
Cophylogeny between chloroplast and nuclear loci with detection of outlier associations
Chloroplasts (like other cellular organelles such as mitochondria) are to be interpreted as endosymbionts, having their own (reduced) genome and ribosome type.
Their evolution is strongly linked to that of the host cell, but differing substitution rates of nuclear and chloroplast loci (Wolfe et al. 1987; Tepe et al. 2011) , their structurally independent replication (Possingham 1980; Heinhorst and Cannon 1993) , and other biological processes (e.g., HGT during hybridization: Rieseberg and Soltis 1991) may lead to divergent evolution and incongruence between topologies inferred from organellar and nuclear loci. This is statistically demonstrated by the results of our study, in which we present highly supported but contradicting topologies for a number of associations while comparing nuclear with chloroplast molecular trees. To the best of our knowledge, the extreme degree of incongruence within Cycnoches has not been shown for any other plant lineage before; divergent nuclear and plastid topologies are usually moderately if at all statistically supported (Carlsward et al. 2006; Fehrer et al. 2007; Koehler et al. 2008; van der Niet and Linder 2008) .
In order to investigate the phenomenon in detail, we here have tested some cophylogenetic tools traditionally applied to parasite-/host-systems. Based on the same principle of coevolution (defined as the extent to which the host and parasite phylogenies are congruent, as inferred by methods such as PACo and ParaFit) we have determined the degree of topological congruence between phylogenies independently derived from 'o' and 'n' data sets. More importantly, we are not only in search of the single ('true' species) tree (that can be probably more effectively done with software programs such as BUCKy: incongruences between the 'o' and the 'n' data sets have been detected. Natural hybridization has been reported from Catasetum (Dressler 1968b; Romero and Carnevali 1990 Romero and Jenny 1992) , and it might occur in Cycnoches as well Pérez-Escobar et al. subm.) . Hybridization may lead to the introgression of a chloroplast genome (and hence to a HGT process) from one lineage into another represented by the phylogeny of the nucleus (i.e., chloroplast capture: Tsitrone et al. 2003) . Chloroplast capture is often proposed as the explanation for topological incongruence between chloroplast and nuclear phylogenies (Rieseberg and Soltis 1991; Stegemann et al. 2012) , and it has also explanatory power for our observations.
In some of our simulations, a number of outlier associations are not distinguished from the non-conflicting counterparts based on the values of their normalized squared residuals (PACo) and ParaFitLink2 statistics. However, our method is highly efficient when applied to large phylogenies with a moderate through low number of outliers (over 99% of incongruent links identified). This range of conditions may reflect in fact characteristics observed in real data sets (e.g., Fehrer et al. 2007; Koehler et al. 2008; der Niet and Linder 2008) that end-users encounter when analyzing cophylogeny between organellar and nuclear data sets. Nevertheless, outlier detection using the Catasetinae data set was not so efficient, when the number of putative outlier associations accounts for up to 40% of the total number of 51 OTUs. The efficiency with these data is comparable to that observed in our simulations with 30% and 40% of added outliers (Fig. 2 (under some data circumstances) groups of outlier and congruent associations (as in Fig. 1) .
Effect of input data in distance-based methods
PACo and ParaFit may be susceptible to differences in evolutionary parameters of sequences, if patristic distances derived from additive trees are used as input. Although the use of patristic distances obtained from additive trees affording incorporation of evolutionary rates, it may also introduce artifacts in cophylogenetic analyses, such as the attraction of OTUs with short branch lengths and the departure of those exhibiting longer branches. In contrast, when distances derived from pure topologies (e.g., unit branch length trees) are employed, rates of evolution are not considered (de Vienne et al. 2012) . To the best of our knowledge, the effect of input data (and hence branch lengths) in cophylogenetic distance-based methods has not been investigated, using extensive simulation approaches and real data, until the present study. Nevertheless, it is still unclear how input data might affect cophylogenetic distance methods under different conditions, such as contrasting substitution rates between parasite-/host-phylogenies (as observed in parasitic plants which exhibit accelerated substitution rates: Bromham et al. 2013; Bellot and Renner 2014) . Further research should focus on simulation approaches in which contrasting substitution rates between datasets are reproduced in detail, allowing assessment of distance-based methods' performance under these circumstances.
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The effect of input data is statistically demonstrated by simulations using patristic distances obtained from additive trees, in which PACo is more efficient overall retrieving outliers from non-conflicting associations than in simulations based on unit-branch-length trees. Nevertheless, an interesting pattern was observed when PACo was applied to real data, in which lineages with strongly differing branch length such as Dressleria and
Grobya are recognized by PACo as outliers when using additive trees, even in the absence of phylogenetic conflict. Using unit branch length trees as input data can also be a reasonable alternative to evaluate the potential impact of contrasting branch lengths in the phylogenetic congruence context. In addition, it might be useful to detect putative conflicting associations that are not retrieved as such when analyzing phylograms (as observed in our analysis of real data). Our simulations indicate a reduced ability to detect conflicting links, but the efficiency is still acceptable if phylogenies are large and the number of such links is relatively low.
Handling PACo and ParaFit for the pipeline
Distance-based methods such as PACo and ParaFit are traditionally used in cophylogenetic studies, but such approaches have not been employed before to comparative tree topologies in organelle-/host nucleus-systems. To execute both methods, a set of three input files are required: one set of organellar and one set of nuclear trees and a binary association matrix (see Balbuena et al. 2013) , in which all sequence names from both trees are included and linked. With prior knowledge on the evolutionary rates of the data set, the user may decide to use unit branch length or directly additive trees as input data. End-users might well run analyses using both kinds of input data for comparative purposes, although our results with real data indicate that the latter option is likely to produce more reliable results.
Workflows for applying cophylogenetic analyses are not standardized yet and therefore, we provide a pipeline for managing input data (i.e., transforming additive trees to unit branch lengths when desired), applying PACo function and spot outliers on error bar plots as well as directly on phylogenies in the software R (available as an R script in Dryad database repository). Owing to the fact that weakly supported and internally unresolved clades may produce artifacts in distance-based methods, the present method accommodates phylogenetic uncertainty by including in the analysis sets of trees derived either from ML or Bayesian phylogenetic inferences. In addition, it readily generates the binary matrix by guest on November 7, 2016
